ABSTRACT Biological studies of two titanium dioxide polymorphs, rutile and anatase, have produced conflicting results. Generally, the in vivo and in vitro methods used to evaluate pneumoconiotic dusts have shown the polymorphs to be inert, but occasionally both minerals have been reported to produce effects consistent with biologically active minerals. Many of these reports failed to specify which polymorph was used experimentally. While this limited the value of the data, the problem was further compounded by the variation in the surface properties of each polymorph depending on whether the specimen was a naturally occurring mineral or was made synthetically. Five naturally occurring and 11 synthetically produced titanium dioxide specimens were studied. The physical characterisation of each specimen entailed the determination of the polymorph type (s) by continuous scan x ray diffraction/and the size distribution by transmission electron microscopy.
by continuous scan x ray diffraction/and the size distribution by transmission electron microscopy.
The ability of each specimen to lyse erythrocytes was determined and compared with quartz. Only two, both synthetic rutiles, were found to be active. The hydrogen bonding ability of the surfaces of these rutiles were compared with inert rutile and quartz. The binding properties of the active rutile have been found to be consistent with those properties associated with biologically active quartz. The surface properties of rutile are the determinants of its activity. Because natural and synthetic rutiles possess different surface properties, they display different activities.
The occurrence of interstitial fibrosis, bronchiolealveolar adenomas and squamous cell carcinomas in rats exposed to high concentrations of synthetic rutile by inhalation has recently been reported.' 2 Previously, low biological activity was attributed to the two titanium dioxide polymorphs, rutile and anatase. To emphasize how inert rutile and anatase have been considered, these materials were often used as control or "sham" dusts against which the activity of other mineral particulates were compared.3 4 In support of these observations, a few studies of workers engaged in the synthesis of titanium dioxide have failed to show health effects attributed specifically to the inhalation of titanium dioxide dust.56 Although both titanium dioxide polymorphs have occasionally been found to have in vitro properties consistent with a biologically active particulate,7 8 they are today generally considered inert.
Both rutile and anatase are important materials in several consumer products such as pigment in paints, food items and cosmetics.9 Titanium dioxide production in the United States for the year 1985 exceeded 800 000 tons (table 1) . Virtually all of the synthetically Accepted 13 October 1986 produced titanium dioxide is in the respirable size range. The widespread use of these materials and their Stokes' diameter of each specimen was separated by sedimentation techniques.14 Min-U-Sil 15 was used as a positive control. 15 Binding studies, for determination of the hydrogen bonding character of the mineral surface, were carried out with:
2-poly(vinylpyridine-N-oxide) obtained from Polyscience, Inc, Warrington, PA. The weight average molecular weight of the 2-PVPNO polymer, as determined by light scattering, was -276 000 (R P Nolan and A M Langer, unpublished data).
CHARACTERISATION OF SPECIMENS
The examination of these specimens by polarised light microscopy and continuous scan x ray diffraction was carried out to determine the presence or absence of crystalline impurities, ascertain gross size distribution, and identify specific polymorphic phase.
POLARISED LIGHT MICROSCOPY
About 0-1 mg of powder was withdrawn from each specimen and placed on a glass slide. The powder was covered with an immersion oil (n = 1-52) and dispersed by sliding another glass slide across the preparation surface. Virtually every specimen smeared to yield a uniform homogeneous distribution. The natural specimens produced a yellow brown opaque suspension in natural light whereas the synthetic specimens produced an opaque white suspension. The smear was further "wetted" with an additional drop of immersion oil and then a cover slip placed on its surface. The preparations were examined by polarised light microscopy, both in plane polarised light and between crossed Nichols, at magnification ranging from 35 x to 500 x magnification.
The natural minerals are composed of large sized, Before the stored erythrocytes were used, about 5ml of packed human erythrocytes were diluted to 50 ml with pH 7-4 veronal buffered saline (VBS, 2- 
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,npMin -U-Si( 5 Surface character and membranolytic activity ofrutile and anatase of the supernatant was then measured at 260 nm and the concentration of 2-PVPNO "lost" from the supernatant was assumed to be bound to the powder surface. The technique has been used for silica preparations.1 5 The data were plotted graphically as mineral powder (pg/ml) v 2-PVPNO (pg/ml) (figs 2 and 5).
POSITIVE CONTROLS
Unfractionated Min-U-Sil 15 was included in each experiment as a positive control. Differences in its HC50 value indicate the extent of difference among the erythrocyte suspensions which may exist due to donor, for example.
Experimental results

MEMBRANOLYTIC ACTIVITY OF THE TITANIUM DIOXIDE SPECIMENS
Of the five naturally occurring rutile and anatase specimens studied, none was found to have significant membranolytic activity (table 4). Of the 11 titanium dioxide specimens obtained as fine industrial powders, only two were found to be membranolytically active (table 5, figs 1, 3) . These, the Haskell Laboratory rutile and TiO2 No 10082, were severely haemolytic. The membranolytic activity of Haskell (Dupont) rutile was compared with four fine particle size quartz specimens and two titanium dioxide specimens used as inert controls in experimental pneumoconiosis (fig 4) . The precipitated TiO2: x H20, when suspended in VBS, was found to lower the pH to 3 but was adjusted back to pH 7-4 with IN sodium hydroxide.
COMPARISON OF THE BONDING ABILITY OF THE TITANIUM DIOXIDE SPECIMENS AND QUARTZ WITH 2-PVPNo
The biological activity of quartz, a potent fibrogenic mineral, is related to the ability of that mineral to bind 2-PVPNO16 The current binding studies were carried out to determine if the different membrane behaviour observed for the titanium dioxide specimens could be distinguished on the basis of their differential 2-PVPNO binding abilities. If a titanium dioxide specimen could bind the polymer would it act as an inhibitor of membrane activity, as happens with quartz?
The ability of two membranolytically active rutile specimens to bind 2-PVPNO was quantitatively compared with two fine sized quartz specimens and several of the non-membrane active titanium dioxide specimens. The Haskell rutile (Dupont) and TiO2 No 10082 have hydrogen bonding ability comparable with the I and 2 pm Stokes's diameter fractions of Min-U-Sil 15 (figs 2 and 5). The two membranolytically active TiO2 specimens are of a smaller particle size and thus greater surface area than the two fine particle size quartz specimens.
The titanic oxide from Fisher did not have the appropriate surface chemistry to hydrogen bond the polymer whereas the rutile from White Mountain, California, bound relatively high amounts of 2-PVPNO. The amount of 2-PVPNO bound by the California rutile is even more significant considering it is of a much more coarse particle size than the Fisher specimen and therefore has much less surface area (table 3 and fig 2) . The concentration of the TiO2 s used in the experiment (fig 1) , 5-40 mg/ml, was on the plateau of the adsorption isotherm.17 The polymer binding experiment was repeated at lower concentrations of TiO2 so that an increase in binding could be shown as a function of TiO2 concentration ( fig 5) . The titanium (IV) oxide and rutile IOM-1 bound significantly less 2-PVPNO than the two membranolytically active TiO2 specimens.
The TiO2 No 10082 was found to be the most haemolytic of all the titanium dioxide specimens studied. The concentration of TiO2 No 10082 was held constant at 2-25 mg/ml and the amount of 2-PVPNO per tube was varied from 0-25 Mg/ml. The TiO2/2-PVPNO tubes were allowed to stand for 30 minutes at room temperature and then challenged with standard erythrocyte suspension as described in the materials and methods section. Almost 88% of the membranolytic activity was inhibited at the highest concentration of 2-PVPNO ( fig 6) . The action of polymer binding on the titanium dioxide specimens and its subsequent antagonism of membrane activity parallels the effect of 2-PVPNO on quartz.
Discussion and conclusions
The biological potential of the titanium dioxide polymorphs, rutile and anatase, is incompletely understood. Although both these polymorphs commonly exist in the environment, experimental studies regarding their activities have rarely specified which specific mineral was studied.
The surface properties of the two polymorphs vary depending on whether they are naturally occurring or synthetically made. The surface properties of synthetic rutile vary greatly, apparently dependent on the conditions of the synthetic process. Therefore, synthesis may well determine membrane activity. These differences in surface properties make it more difficult to define the biological potential of synthetic rutile and anatase because these surface properties must be measured. . .4
As.
*wo. were up to 100 gm in size and were cream coloured; all the other natural rutiles also contained large, brownish fragments. These colours suggest the presence of trace metal and mineral impurities. Both these factors have been linked to reduced membrane activity in the silica polymorphs. 2 
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Synthetic rutile or anatase form white homogeneously fine powders. Several of the synthetic preparations were mixtures of both polymorphs (table 2). The synthetic polymorphs differ in Surface character and membranolytic activity of rutile and anatase Table 6 The HC50 of I pm Stokes's diameter Min-U-Sil 15 and Haskell (Dupont) rutile calculated in mg/ml, particle number/ml, and surface area/ml composition, colour, and particle size as compared with the natural minerals. Virtually every particle within the synthetic specimens is less than I 0jpm in size (see table 3 ). It should be noted that the synthetic materials also differ from the naturally occurring materials in particle shape, tending to be oval to rounded, with fewer straight edges (fig 7) . Only two of the 16 specimens tested were found to be membranolytically active in a human erythrocyte model. All the naturally occurring rutiles, and all the anatase specimens, both the natural mineral and its synthetic specimens, were found to be inactive (tables 4 and 5). Of the five synthetic rutiles studied, only the Haskell rutile (Dupont) and TiO2 No 10082, were found to be active (figs 3 and 4). Other investigators have observed synthetic anatase to be active and rutile to be inert. 8 The membranolytic activity of Haskell rutile was compared with four fine particle size quartz specimens. On the basis of mass, the quartz specimens were all more active than Haskell (Dupont) rutile (figs 1, 3, and 4). The difference in activity between the rutile and quartz specimens is even greater than the mass data implies. For example, the 1 pm Stokes's diameter Min-U-Sil 15 was seven times more membranolytic than the Haskell rutile on the basis of mass. Assuming the Haskell rutile and 1 pm Stokes's diameter Min-U-Sil 15 to be 0-2 and pm cubes respectively the Haskell rutile required 555 times more particles (roughly 22 times more surface area) to achieve the same membranolytic activity (table 6) . Although the Haskell material is membranolytic, it is significantly less active than quartz. Assuming the particles to be cubic, the relation between particle size and the number of particles and surface area per unit mass is shown in the brightness and colour of the pigment. The TiCl4 is then reacted with 02 in a flame reaction at 925°C. This reaction produces fine particle TiO2 and liberates Cl2 gas, which is recycled (see figure 10 ):
TiCl4 + 02-TiO2 + C12
The low temperature sulphate process may be used to produce either 100% rutile or 100% anatase, whereas the high temperature chloride process cannot be used to produce a 100% anatase product and is generally used to produce rutile.27 30 
